[ECHNICAL REPORT

Defense Threat Reduction Agency
8725 John J. Kingman Road, MS
6201 Fort Belvoir, VA 22060-6201

DTRA-TR-16-8

Investigation of Basic Mechanisms of
Radiation Effects in Carbon-Based
Electronic Materials

Distribution Statement A. Approved for public release; distribution is
unlimited.

June 2017 HDTRA1-10-1-0016
M. Alles

Prepared by:
Vanderbilt University
2014 Broadway
Suite 200

Nashville, TN 37203



DESTRUCTION NOTICE:

Destroy this report when it is no longer needed.
Do not return to sender.

PLEASE NOTIFY THE DEFENSE THREAT REDUCTION
AGENCY, ATTN: DTRIAC/ J9STT, 8725 JOHN J. KINGMAN ROAD,
MS-6201, FT BELVOIR, VA 22060-6201, IF YOUR ADDRESS

IS INCORRECT, IF YOU WISH IT DELETED FROM THE
DISTRIBUTION LIST, OR IF THE ADDRESSEE IS NO

LONGER EMPLOYED BY YOUR ORGANIZATION.



REPORT DOCUMENTATION PAGE OMa N Dron o188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-
4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently
valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
00-06-2017 Technical March 2010 - September 2014
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
Investigation of Basic Mechanisms of Radiation Effects in Carbon-Based Electronic =~ |HDTRA1-10-1-0016

5c. PROGRAM ELEMENT NUMBER
6. AUTHOR(S) 5d. PROJECT NUMBER
Michael L. Alles

5e. TASK NUMBER

5f. WORK UNIT NUMBER
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT

. . . NUMBER
Vanderbilt University
Donald Clinton Brown 4224243873
110 21st Avenue STE 937
Nashville, TN 37203
9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)
Defense Threat Reduction Agency DTRA
8725 John J. Kingman Road, STOP 6201
Fort Belvoir. VA 22060-6201 11. SPONSOR/MONITOR'S REPORT
' NUMBER(S)
DTRA-TR-16-8

12. DISTRIBUTION / AVAILABILITY STATEMENT
Distribution Statement A. Approved for public release; distribution is unlimited.

13. SUPPLEMENTARY NOTES

14. ABSTRACT

This project applied experiments theoretical calculations to characterize the radiation response of carbon materials (graphene
and carbon nanotubes) relevant to emerging technologies. Radiation testing included 10 keV X-rays, 4 MeV protons, heavy
ions, and UV light. Structures included graphene on silicon dioxide, graphene on silicon nitride, graphene on boron nitride,
suspended graphene, carbon nanotubes on silicon dioxide, and 2D molybdenum disulfide. Embodiments included simple
layered structures, carbon nanotube diodes, FET, and PZT-memory test device structures. Characterization included RBS,
TEM, and electrical measurements. DFT and KMC calculations were applied to understand the observed effects. Findings
advanced the state of understanding on radiation effects in these materials, and indicated that the very small volumes
associated with the 2D materials result in minimal direct interaction; process integration and surrounding materials dominate the
nominal electrical performance and radiation response.

15. SUBJECT TERMS

Carbon, graphene, nanotubes, radiation effects

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER | 19a. NAME OF RESPONSIBLE PERSON
OF ABSTRACT OF PAGES Jacob Calkins
a. REPORT b. ABSTRACT c. THIS PAGE SAR 16 19b. TELEPHONE NUMBER (include area
e e e code)
Unclassified Unclassified Unclassified 703-767-3075

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z39.18



UNIT CONVERSION TABLE
U.S. customary units to and from international units of measurement”

U.S. Customary Units Multiply by International Units
. e by

Length/Area/Volume

inch (in) 2.54 x 107 | meter (m)

foot (ft) 3.048 x 10" | meter (m)

yard (yd) 9.144 x 107" | meter (m)

mile (mi, international) 1.609 344 x 10° meter (m)

mile (nmi, nautical, U.S.) 1.852 x 10° meter (m)

barn (b) 1 x 107 | square meter (m?)

gallon (gal, U.S. liquid) 3.785 412 x 10 | cubic meter (m°)

cubic foot (ft°) 2.831 685 x 10 | cubic meter (m®)

Mass/Density

pound (Ib) 4.535 924 x 10" | kilogram (kg)

unified atomic mass unit (amu) 1.660 539 x 10%" | kilogram (kg)

pound-mass per cubic foot (Ib ft®) 1.601 846 x 10* kilogram per cubic meter (kg m™)

pound-force (Ibf avoirdupois) 4.448 222 newton (N)

Energy/Work/Power

electron volt (eV) 1.602 177 x 10" | joule (J)

erg 1 x 107 | joule (3)

kiloton (kt) (TNT equivalent) 4.184 x 10 | joule (J)

British thermal unit (Btu .
(ﬂ(]erm)ochemical) 1.054 350 x10° | joule (J)

foot-pound-force (ft Ibf) 1.355 818 joule (J)

calorie (cal) (thermochemical) 4.184 joule (J)

Pressure

atmosphere (atm) 1.013 250 x 10° pascal (Pa)

pound force per square inch (psi) 6.984 757 x 10° pascal (Pa)

Temperature

degree Fahrenheit (°F)

degree Fahrenheit (°F)

Radiation

curie (Ci) [activity of radionuclides]
roentgen (R) [air exposure]

rad [absorbed dose]

rem [equivalent and effective dose]

[TCF) - 32]/1.8

[T(°F) + 459.67]/1.8
3.7 x 1010
2.579 760 x 10
1 x 107
1 x 10°°

degree Celsius (°C)
kelvin (K)

per second (s ) [becquerel (Bq)]
coulomb per kilogram (C kg ™)

joule per kilogram (J kg™) [gray (Gy)]
joule per kilogram (J kg ™) [sievert (Sv)]

*Specific details regarding the implementation of Sl units may be viewed at http://www.bipm.org/en/si/.
"Multiply the U.S. customary unit by the factor to get the international unit. Divide the international unit by the factor to get the

U.S. customary unit.

2015-11-16



http://www.bipm.org/en/si/

HDTRA1-10-1-0016: INVESTIGATION OF BASIC MECHANISMS OF RADIATION EFFECTS IN
CARBON-BASED ELECTRONIC MATERIALS

FINAL REPORT
Grant #: HDTRA1-10-1-0016

Title: INVESTIGATION OF BASIC MECHANISMS OF RADIATION
EFFECTS IN CARBON-BASED ELECTRONIC MATERIALS

Pl Name: Michael Alles’
Co-Pls: J. Davidson', S. Pantelides', Ji Ung Lee?

Organization/Institution:
'Vanderbilt University
2014 Broadway, Suite 200
Nashville, TN 37203

2College of Nanoscale Science and Engineering (CNSE)
University at Albany, SUNY
1400 Washington Ave.
Albany, NY 122222



HDTRA1-10-1-0016: INVESTIGATION OF BASIC MECHANISMS OF RADIATION EFFECTS IN
CARBON-BASED ELECTRONIC MATERIALS

Executive Summary:

This 4.5-year research project has applied experimental measurements and theoretical
calculations to characterize the radiation response of carbon-inclusive materials systems (esp.
graphene and carbon nanotubes) relevant to potential emerging technologies for electronic
devices. Experiential radiation testing has included exposure to 10 keV X-rays, 4 MeV protons,
heavy ions, and Ultra-Violet (UV) light. Test structures have included graphene on silicon
dioxide, graphene on silicon nitride, graphene on boron nitride, suspended graphene, carbon
nanotubes (CNTs) on silicon dioxide, and 2D molybdenum disulfide for comparison.
Embodiments included simple layered structures for materials characterization, and carbon
nanotube diodes, FET, and PZT-memory test device structures for electrical measurements. Pre-
and post-irradiation characterization has included Rutherford backscattering (RBS)
measurements, TEMs, and electrical measurements. Density functional theoretical (DFT) and
Kinetic Monte Carlo (KMC) calculations have been applied to understand the observed effects.

The program has produced one Masters degree graduate, 2 Ph.D. graduates (one that
continued for a follow on year as a post doc), and partially supported 1 additional Ph.D. student,
1 additional post doc, and multiple university faculty at two institutions. The program resulted in
38 publications and 31 conference presentations, and initiated relationship that resulted in
multiple SBIR projects and other proposals and projects under the DTRA C-WMD basic
research program. Overall, findings indicated that the very small volumes associated with the 2D
materials such as graphene and CNTs result in minimal interaction of radiation with the 2D
materials. The process integration and surrounding materials dominate the nominal electrical
response as well as the radiation response. Specific scientific findings include:

* The radiation responses of devices that include a 2D active layer of graphene are dominated
by the response of the thicker adjacent materials and substrate.

* Suspended graphene proved very resistance to x-ray and high-dose proton exposure.

* UV and X-ray exposure of graphene in the presence of oxygen results in ozone-enhanced
defects formation and etching.

* Constant-voltage stress and 10-keV x-ray irradiation responses of encapsulated graphene-hBN
devices both induce only modest shifts in the current and Dirac point of the graphene.

* UV ozone (UVO) irradiation of graphene-based NV (PZT) memory devices leads to shifts in
the charge neutral point due to O doping, and a small reduction in memory window as a result
of defect formation.

* Results of X-ray exposure on graphene structures which have no passivation can be strongly
influenced by the atmospheric ambient (moisture, presence of oxygen, nitrogen, other
contaminants, etc). This has become a major consideration in subsequent studies and projects
where passivation should be used to be more representative of the eventual embodiment.

* Heavy-ion measurements resulted in transients that could be attributed to capacitive coupling
from the substrate and not to direct effects in the graphene FET layer.

* Charge trapping measured at or near the graphene/BN interface due to x-ray irradiation
suggests that net hole trapping occurs in the BN at low doses and net electron trapping occurs
at higher doses.

* First-principles calculations demonstrate that hydrogenated substitutional carbon impurities at
B/N sites at or near the graphene/BN interface can play an additional role in the radiation
response of these structures.
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* Electrical stress and 10-keV x-ray irradiation and annealing responses of back-gate MoS;
transistors demonstrated relative stability for constant-voltage stress. The drain current was
found to decreases significantly after both positive and negative bias irradiation. DFT
calculations and ozone exposure experiments suggest that O atoms adsorbed on the MoS
surface during 10-keV x-ray irradiation function as electron traps, causing mobility
degradation and voltage shifts.
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Goal:

The goal was to characterize the radiation response of carbon-inclusive materials systems
relevant to potential emerging technologies through the application of experimental
measurements and theoretical calculations in order to advance the understanding of the effects of
radiation on these materials and test device structures. The project did accomplish the goal,
delivering specific characterization and theoretical results, and advanced the understanding of the
impact of radiation in the target material systems.

Accomplishments:
1) Major activities:

Task 1) The grantee shall perform the design of experiments including:
- Identification of test structures
- Acquisition or fabrication
- Test definition (Radiation exposure)

Task 2) The grantee shall perform testing to include:
- Radiation testing. May be multiple types.
- Pre and post-rad characterization
Characterization may include Raman, TEM, etc.), electrical (IV, CV, etc.) and
radiation testing (X-ray, proton) of structures from Task 1.

Task 3) The grantee shall interpret results including:
- Perform data analysis and
- First-principles modeling to include theoretical modeling (DFT, KMC) to interpret
response mechanisms

2) Specific Objectives:

1) Study structures that provide unique insight for materials and configurations of interest for
candidate device technologies. Several structures were studied based on the state of the
technology during the period of performance. Tested structures leveraged internal capabilities, or
leveraged multiple new collaborative relationships that were established during the period of the
project.

2) Pursue experiments and analyses to delineate of the impact of radiation on the carbon material
from that on the surrounding materials and process integration. Examples include use of
suspended vs. non-suspended graphene, graphene on silicon dioxide vs. on silicon nitride vs. on
boron nitride.

3) Apply theoretical modeling Density Functional Theory and Kinetic Monte Carlo modeling tot
materials and structures that were tested in order to elucidate and quantity mechanisms
associated with the experimentally observed effects.
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3) Significant Results

The detailed results of this program have been reported in three annual review presentations and
reports, and detailed in numerous publications.

Test structures have included graphene on silicon dioxide, graphene on silicon nitride, graphene
on boron nitride, suspended graphene, carbon nanotubes (CNTs) on silicon dioxide, and 2D
molybdenum disulfide for comparison. Embodiments included simple layered structures for
materials characterization, and nanotube diodes, FET and PZT-memory test device structures for
electrical measurements.

Key scientific findings include:

* The radiation responses of devices that include a 2D active layer of graphene are dominated
by the response of the thicker adjacent materials and substrate.

* Suspended graphene proved very resistance to x-ray and high-dose proton exposure.

* UV and X-ray exposure of graphene in the presence of oxygen results in ozone-enhanced
defects formation and etching.

* Constant-voltage stress and 10-keV x-ray irradiation responses of encapsulated graphene-hBN
devices both induce only modest shifts in the current and Dirac point of the graphene.

* UV ozone (UVO) irradiation of graphene-based NV (PZT) memory devices leads to shifts in
the charge neutral point due to O doping, and a small reduction in memory window as a result
of defect formation.

* Results of X-ray exposure on graphene structures which have no passivation can be strongly
influenced by the atmospheric ambient (moisture, presence of oxygen, nitrogen, other
contaminants, etc). This has become a major consideration in subsequent studies and projects
where passivation should be used to be more representative of the eventual embodiment.

* Heavy-ion measurements resulted in transients that could be attributed to capacitive coupling
from the substrate and not to direct effects in the graphene FET layer.

* Charge trapping measured at or near the graphene/BN interface due to x-ray irradiation
suggests that net hole trapping occurs in the BN at low doses and net electron trapping occurs
at higher doses.

* First-principles calculations demonstrate that hydrogenated substitutional carbon impurities at
B/N sites at or near the graphene/BN interface can play an additional role in the radiation
response of these structures.

* Electrical stress and 10-keV x-ray irradiation and annealing responses of back-gateMoS
transistors demonstrated relative stability for constant-voltage stress. The drain current was
found to decreases significantly after both positive and negative bias irradiation. DFT
calculations and ozone exposure experiments suggest that O atoms adsorbed on the MoS
surface during 10-keV x-ray irradiation function as electron traps, causing mobility
degradation and voltage shifts.
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4) Key Outcomes and Other Achievements:

The program resulted in 38 publications (including 9 since the last annual report) and 31
conference presentations as listed below. In addition, the program initiated new
collaborations between Vanderbilt and the University of Minnesota (which has resulted in a
new funded DTRA C-WMD project) and with UCLA and an associated spin-off small
business (Aneeve), which resulted in multiple basic research proposals and multiple funded
SBIR projects, and joint publications. The program also initiated collaboration and a joint
publication between Vanderbilt and the University of Manchester (England), who are also
supported on a C-WMD program. The project facilitated and advanced new internal
collaborative research relationship among different schools at Vanderbilt, specifically
engineering and physics, which has resulted in another funded DTRA C-WMD research
program to combine 2D materials with more traditional MEMs.

Publications

1. C. X. Zhang et al., “Total Ionizing Dose Effects on h-BN Encapsulated Graphene
Devices,” IEEE Trans. Nucl. Sci., in press, Dec. (2014)

2. C. X. Zhang et al.,, “Electrical Stress and Total Ionizing Dose Effects on MoS,
Transistors,” IEEE Trans. Nucl. Sci., in press, Dec. (2014)

3. C. X. Zhang et al., “Total-ionizing-dose effects and reliability of carbon nanotube FET
Devices,” Microelectronics Reliability, 54, pp. 2355-2359 (2014)

4. L. Tsetseris et al., "Doping, Functionalization, and Permeability of Graphene: Insights
from First-Principles Studies", invited, ECS Transactions 64 (8), 121-125 (2014)
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Phys. Rev. B 89, 035411 (2014)
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13. S. T. Pantelides et al., “Defects and doping and their role in functionalizing graphene”
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14.Y. S. Puzyrev et al.,, “Surface reactions and defect formation in irradiated graphene
devices” IEEE Trans. Nucl. Sci., 59, 3039 (2012)
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L. Tsetseris and S. T. Pantelides “Hydrogen uptake by graphene and nucleation of
graphane” J. Mater. Sci. 47, 7571 (2012)

S. Bubin et al.,“Simulation of high-energy ion collisions with graphene fragments” Phys.
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Y.S. Puzyrev et al. “Surface reactions and defect formation in irradiated graphene
devices” IEEE Trans. Nucl. Sci. (2012)
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E. X. Zhang at al.,“Low-energy x-ray and ozone-exposure induced defect formation in
graphene materials and devices,” IEEE Trans. Nucl. Sci. 58, 2961-2967 (2011).

B. Wang and S.T. Pantelides “Controllable healing of defects and nitrogen doping of
graphene by CO and NO molecules,” Phys. Rev. B 83, 245403 (2011).

B. Wang et al., “Strain enhanced defect reactivity at grain boundaries in polycrystalline
graphene” Carbon 49, 3983 (2011).

L. Tsetseris and S.T. Pantelides “Defect formation and hysteretic inter-tube displacement
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GOMAC Proceedings, Orlando, FL, March 21-24 (2011)

B. Wang et al., “Strain enhanced defect reactivity at grain boundaries in polycrystalline
graphene”, Carbon, vol. 49, pp. 3983-3988 (2011)

B. Wang et al., “Controllable healing of defects and nitrogen doping of graphene by CO
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carbon nanotube p-n diodes”, IEEE Trans. Nucl. Sci., 59, 3039 (2011)

A. Malapanis et al.,, “Current-Induced Cleaning of Adsorbates in Single-Walled Carbon
Nanotube Diodes”, Appl. Phys. Lett., 98, 263108 (2011)
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Exhibition, Nov. 3, Nashville (2011)

B. Wang and S. T. Pantelides, “Chemical reactions and thermal stability of oxygen
impurities on graphene” Oral presentation, APS March Meeting, Boston, February 28,
(2012)

Y. S. Puzyrev et al., “Scattering mechanisms in graphene suspended in liquids. IL
Flexural phonons (Theory)”, Oral presentation, APS March Meeting, Boston, February
27,2012)

Y. S. Puzyrev et al., “Surface reactions and defect formation in irradiated graphene
devices”, 2012 IEEE Nuclear and Space Radiation Effects Conference, Miami, July 16-
20 (2012)

E. X. Zhang, C. X. Zhang, D. M. Fleetwood, M. L. Alles, R. D. Schrimpf, E. B.
Song, S. Kim, K. Galatsis, and K. L. Wang, "UV Ozone Irradiation Induced Defect
Formation in Graphene/PZT devices", American Vacuum Society (AVS) conference 59,
Tampa, FL, Oct. (2012)
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S. M. Kim, K. Galatsis, and K. L. Wang, "Total ionizing dose effects on graphene-based
non-volatile memory devices," oral presentation, [IEEE NSREC, Miami, FL, July (2012)

29. E. X. Zhang, A. K. M. Newaz, S. Bhandaru, B. Wang, C. X. Zhang, M. L. Alles, D. M.
Fleetwood, K. I. Bolotin, R. D. Schrimpf, S. T. Pantelides, S. M. Weiss, R. A. Reed, and
R. A. Weller, “X-ray-induced defect formation in graphene,” American Vacuum Society
Symposium 58, Nashville, TN, Oct. 31-Nov. 4, (2011)

30. M. L. Alles et al., “Radiation effects in carbon devices: It’s all about the substrate,”
presented at GOMAC Tech, Orlando, FL, March 21-24 (2011)

31.E. X. Zhang et al.,, “X-ray Induced Defect Formation in Graphene,” presented at
American Vacuum Society, 58 Meeting, Nashville, TN, November (2011)
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Training and Professional Development

Cher Xuan Zhang completed her Ph.D. degree under this DTRA program, and joined Vanderbilt
as a post-doc to continue her work on this project. As a post doc, she has also contributed to
other DTRA C-WMD programs and SBIR projects.

Jason Greaving completed the M. S. degree in Material Science under this DTRA program.

Everett Comfort, completed Ph.D., CNSE, U at Albany, SUNY. Presently, he is a front-end
process engineer with Intel.

Professor Dan Fleetwood (Vanderbilt) taught: EECE 304. Radiation Effects and Reliability of
Microelectronics. Prof. Dan Fleetwood, VU

The students, post-docs, and professors on the team attended numerous international
conferences, which not only supported dissemination of project results, but also served to
advance their personal profession development.

Dissemination of Results

Dissemination of Results

The results have been disseminated to communities of interest through the numerous
publications and presentations as listed previously in this report. These presentations and
publications include venues beyond the typical radiation effects community. Results have also
been shared directly with the partners who provided the results, providing seed information to
University of Minnesota for a successful proposal and recently kicked-off C-WMD project on
2D material/high-k interfaces, as well as to Aneeve Nanotehnologies to SBIR and commercial
development efforts.
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